Under conditions of nutrient-limited growth, Type II obligate methanotrophs oxidize C 1 19 compounds, such as methane or methanol and accumulate intracellular granules of poly(3-20 hydroxybutyrate) (P3HB). Here, we report that, under same nutrient-limited conditions, the Type 21 II obligate methanotroph Methylocystis parvus OBBP can use ethane as its sole carbon and 22 energy source for synthesis P3HB granules, accumulating up to 35 ± 4 wt% P3HB.
spectra of the P3HB confirmed incorporation of 13 C from [ 13 C 2 ]ethane. Moreover, when valerate 24 was added as a co-substrate with ethane, oxidation of the ethane supported synthesis of the 25 copolymer poly(3-hydroxybutyrate-co-3-hydroxyvalerate) (PHBV). 26
IMPORTANCE (150 words, nontechnical explanation of the significance of the study) 27
The presence of ethane in natural gas is often considered undesirable for methanotroph-based 28 biotechnology due to the C 1 specialization of obligate methanotrophs and concerns about 29 inhibitory byproducts arising from methane monooxygenase-mediated cometabolism of ethane. 30
This work establishes that co-oxidation of ethane and further metabolism in the absence of 31 methane can support synthesis of the valuable polyhydroxyalkanoate bioplastics P3HB and 32
PHBV. 33
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INTRODUCTION 38
Aerobic methanotrophs are a unique group of gram-negative bacteria capable of utilizing 39 methane as sole carbon and energy source (1). The control of methanotrophs is critical as they 40 play a key role in mitigating the greenhouse gas impacts of methane (2) and can produce nitrous 41 oxide, an even more powerful global warming agent (3). Biotechnological applications of 42 methanotrophic bacteria include production of biodiesel (4), propylene oxide (5), single cell 43 protein (6), extracellular polysaccharides (7), human health supplements (8), and bioplastics, 44 including poly(3-hydroxybutyrate) (P3HB) (9-11), poly(3-hydroxybutyrate-co-3-45 hydroxyvalerate) (PHBV) (11-14), poly(3-hydroxybutyrate-co-4-hydroxybutyrate), poly(3-46 hydroxybutyrate-co-5-hydroxyvalerate-co-3-hydroxyvalerate), and poly(3-hydroxybutyrate-co-47 6-hydroxyhexanoate-co-4-hydroxybutyrate) (15). 48 Ethane (C 2 H 6 ) is of interest for methanotroph-based biotechnology because it is the second most 49 common component of natural gas (up to 5-10%) after methane (16). Because the obligate 50 methanotrophs are one-carbon specialists, ethane is typically depicted as an undesirable 51 contaminant (17). While cometabolic oxidation of ethane to ethanol by methane monoxygenase 52 is well-known, soluble products resulting from this oxidation are often viewed as inhibitory and 53 an obstacle to beneficial use of natural gas. In this study, we report P3HB production by a pure 54 culture of Methylocystis parvus OBBP when ethane is added as the sole source of carbon during 55 nitrogen-limited, unbalanced growth. We further demonstrate that ethane oxidation can support 56 synthesis of PHBV when valerate is provided as a co-substrate during unbalanced growth. 57 Ethane-fed unbalanced growth phase plus valerate. After detection of P3HB from ethane-90 growth cell cultures, tests were performed to determine whether ethane could support production 91 of PHBV when valerate was added during the PHA accumulation phase. Grown cells were 92 centrifuged (3500 rpm) for 15 min to create a pellet. The cell pellet was re-suspended in 50 mL 93 of JM2 media without added nitrogen, and vortexed vigorously to obtain a uniform suspension. 94
MATERIALS AND METHODS
The suspension was transferred into 160-mL serum bottle, capped and crimp sealed. Valerate (10 95 mM) was added as sodium valerate to a subset of the serum bottles to determine whether ethane 96 could support production of PHBV. The headspace was flush with C 2 H 6 :O 2 mixture (molar ratio 97 1:4; > 99% purity; Praxair Technology, Inc., Danbury, CT, USA) and incubated for 48 hr. At the 98 24-hr midway point, the headspace of each vial was flushed with the same ethane mixture. At the 99 end of the 48-hr PHA accumulation period, the cells were harvested, centrifuged (3000 × g) for 100
15 min to create a pellet, and then freeze dried for further PHA analysis. 101
Ethane oxidation products analysis. In some ethane-fed unbalanced growth phases, 1 mL of 102 cell suspensions were sampled every 15 min during the first initial hour to analyze the 103 concentrations of oxidation products (alcohols, aldehydes, and carboxylic acids) of ethane. 104
Products were determined using gas chromatography (detailed methods are discussed in 105
Analytical methods). 106
Culture purity check. To test culture purity, biomass was removed after the 48 h period of 107 balanced growth. Genomic DNA was extracted using the FastDNA SPIN Kit for Soil (MP 108 Biomedicals, Santa Ana, CA, USA), as per the manufacture's protocol. Bacterial 16S rRNA was 109 amplified using the bacterial primers BAC-8F (5'-AGAGTTTGATCCTGGCTCAG-3') and 110
BAC-1492R (5'-CGGCTACCTTGTTACGACTT-3') (19). A polymerase chain reaction (PCR) 111
was performed using AccuPrime Taq The filtered cells and membrane filters were dried at 105 °C for 24 h, then weighed on an AD-6 140 autobalance (PerkinElmer, Norwalk, CT, USA). 141 PHA weight percentages. To determine PHA weight percent, between 5 and 10 mg of freeze-142 dried biomass were weighed then transferred to 12 mL glass vials. Each vial was amended with 2 143 mL of methanol containing sulfuric acid (3%, vol/vol) and benzoic acid (0.25 mg/mL methanol), 144 supplemented with 2 mL of chloroform, and sealed with a Teflon-lined plastic cap. All vials 145 were shaken then heated at 95-100 °C for 3.5 h. After cooling to room temperature, 1 mL of 146 deionized water was added to create an aqueous phase separated from the chloroform organic 147 phase. The reaction cocktail was mixed on a vortex mixer for 30 s then allowed to partition until 148 phase separation was complete. The organic phase was then sampled by syringe and analyzed 149 When fed ethane, both ethane and oxygen were present throughout the 24 h period. The final 209 concentration of CO 2 was 185 ± 33 mg CO 2 /L. The maximum specific rate of ethane utilization 210 (q̂C 2H6 ) was 0.048 ± 0.008 g C 2 H 6 g TSS -1 h -1 . The maximum specific rate of oxygen utilization 211 (q̂O 2 ) was 0.088 ± 0.015 g O 2 g TSS -1 h -1 . The maximum specific rate of CO 2 production (q̂C O2 ) 212 was 0.010 ± 0.002 g CO 2 g TSS -1 h -1 . The consumption rate of ethane and oxygen slowed down 213 after t = 6 h, suggesting the presence of inhibitory substances in the cell cultures. 214
Isotopic enrichment.
13
C-NMR spectroscopy was used to detect the abundance of 13 C in P3HB 215 samples made from bacteria fed either naturally-abundant (99% 12 C, 1% 13 C ) (control sample) 216 or isotopically-labeled (99% 13 C, 1% 12 C) ethane. A HMDSO internal standard was used in both 217 samples (see full Supplemental Material for full calculation). In the control sample, where the 218 P3HB was synthesized from bacteria supplied with naturally abundant ethane, the carbon peak 219 integrals indicated that the 13 C-content in the polymer was approximately 1% (i.e. consistent 220 with the 1% natural abundance of 13 C) (Figure 2b ). In contrast, in the P3HB sample from 221 bacteria supplied with [ 13 C 2 ]-ethane, the carbon peak integrals indicated that the 13 C-content in 222 the polymer was approximately 10% (Figure 3b ). This demonstrates unequivocally that the 223 bacteria uptake 13 C-labeled ethane, and that it is utilized in the synthesis of P3HB. 224 Table 2 (Table 3) . Ethanol was not 230 detected, suggesting that M. parvus OBBP has an efficient alcohol dehydrogenase system. 231 PHBV production from ethane and valerate. When ethane was the source of carbon and 232 energy during the PHA accumulation phase, P3HB was the sole PHA produced; when 233 supplemented with valerate (10 mM), 12.9 ± 2.6% of PHBV was generated (25 ± 0.01% 3HV 234 mole fraction). 235
Molecular weight characterization.
DISCUSSION 236
Obligate methanotrophs are restricted to grow on C 1 substrates including methane, methanol, and 237 in some cases formate, formaldehyde, and methylamines (23). While M. parvus OBBP is unable 238 to grow on ethane under conditions of balanced, nutrient-sufficient growth, this work establishes 239 that M. parvus OBBP is able to take up ethane and oxidized it under nitrogen-limited, 240 unbalanced growth conditions. Methane monooxygenases (MMOs) are known to be non-specific 241 (17, 24) and capable of oxidizing aliphatic compounds, aromatic compounds, and alkanes, 242 including ethane (25-31), and, our data indicate that MMO-generated ethanol degrades rapidly to 243 acetaldehyde then acetic acid. A fraction of the acetic acid is assimilated into P3HB. This is the 244 first evidence that pure culture of well-known Type II obligate methanotrophs assimilate ethane 245 and produce P3HB polymer with high molecular weight comparable to the P3HB polymer made 246 with methane (Table 2) . Incorporation of 13 C-labeled ethane was confirmed using 13 C-NMR. 247 Our data indicate that acetic acid is produced inside intracellularly by oxidation of ethane to 256 ethanol and the acid generated is secreted into solution. The rates of intracellular oxidation of 257 ethanol to acetate exceed the rates of acetic acid oxidation and assimilation into P3HB, resulting 258 in the secretion of acetic acid and its accumulation in the media. Levels of acetate in the media 259 were much higher rate than those of acetaldehyde (Table 3) , in close agreement with that 260 reported previously (31). This result and our analysis of P3HB production (Table 1) for ATP production as acetic acid accumulated (Figure 1b) (32, 33) . 265
In summary, the results from this study establish that pure cultures of obligate methanotrophs 266 can process the two most dominant gases in natural gas into P3HB and PHBV without methane. 267
This may be industrially significant given that ethane is typically the second-largest component 268 of natural gas. Our findings also have implications for the way in which we view the 269 methanotrophic P3HB biosynthesis. Until now, researchers have largely assumed that obligate 270 methanotrophs are limited to utilization of C 1 compounds. This work demonstrates that this basic 271 assumption is incorrect for nutrient-limited, unbalanced growth conditions. Under such 272 conditions, M. parvus OBBP can use at least two gas substrates as well as multi-carbon co-273 substrates for production of PHAs. 
